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1. Statement of Program Objective: 

Future computer networks will contain clusters of processors of various sizes 
that are interconnected over a wide range of distances, from dense local clusters to 
spatially distributed computer networks. To permit the simultaneous communication 
amongst many nodes, it will be necessary to develop practical networking technologies 
that provide multiple access, dynamic reconfigurability, and simultaneous 
communication through a shared channel. The objectives of this program are to 
investigate novel optical multiplexing architectures for interconnecting computer 
networks, and to develop their enabling technologies. To achieve these ends, we will 
investigate networks that combine wavelength, space, and time division multiplexing in 
new and different ways. For larger networks, new multiplexing techniques are needed 
that will use wavelength, space, or time more efficiently, either by re-using the available 
channels or by combining several multiplexing platforms within a single network. These 
optical multiplexing techniques and their underlying technologies are the focus of this 
research program. 

2. Review of Research Program 

High speed gigabit-per-sec serial optical data links based on vertical-cavity 
surface-emitting lasers (VCSELs) have emerged from the laboratory and into the 
market place. But as the demand for bandwidth rapidly increases, system 
considerations limit the data bandwidth that can be transmitted through a single optical 
channel,, whose payload can be more effectively distributed through parallel optical 
links. While increasing the bus width (spatial parallelism) provides a straightforward 
means for increasing the data capacity, it also increases the cost of an interconnect. 
Moreover, variations in the electronic delay and fiber properties produce nonuniformity 
in latency and timing skew that limit the effective transmission distance of a parallel link. 
Fortunately, an optical link can multiplex many different data channels together in the 
wavelength regime to increase data capacity without increasing the physical bus width. 
Wavelength-division multiplexing (WDM) allows many parallel optical data channels to 
be multiplexed together and transmitted across large spatial distances on a single fiber, 
thus amortizing the cost of the interconnect over many different wavelength channels. 
At the destination nodes, individual data channels can be selected by using either a 
dispersive wavelength demultiplexer or by using a wavelength-selective REPD. To 
implement WDM technology at a local netrwork level requires the development of a 
cost-effective multiplexing and demultiplexing technology. 

The simplest implementation of WDM is to use it as a passive means for sharing 
access to a physical interconnect medium (Fig. 1). In this straightforward 
implementation, WDM combines different wavelength channels and thus increases the 
data throughput in direct proportion to the number of multiplexible wavelengths. A 
number of wavelength-differentiated data channels can be multiplexed together using a 
monolithic VCSEL array in which the wavelength is graded in one dimension; the 
multiplexed data is then transmitted through a single optical fiber. At the opposite end 
of the optical interconnect, the multiplexed optical data may be broadcast to different 



receivers, each of which selects an individual data channel using a wavelength- 
selective photodetector. In this approach, the distributed signal suffers a (-10 log10 N) 
optical fan-out loss, which limits the number of channels (N) that can be used. 
Alternatively, dispersive wavelength demultiplexers can be used to separate the 
wavelength channels in order to circumvent the optical fan-out loss, thus avoiding the 
use of wavelength-selective photodetectors. WDM can be a cost-effectieve approach 
for LANs if a simple means can be found for achieving multiple-wavelength VCSEL 
arrays in a controlled and reproducible manner. This paper describes the progress in 
the development of a simple technology for realizing uniformly wavelength-graded 
VCSEL and REPD arrays, and the experimental demonstration of a gigabit-per-sec 
WDM link based on these arrays. 

wavelength multiplexer        wavelength demultiplexer 

M ulti-Wavelength 
VCSEL Array 

Wavelength-Sele 
Photodetector A 

Figure 1. Schematic illustrating a wavelength-multiplexed parallel optical interconnect. 
Data from a multi-wavelength VCSEL array are multiplexed and transmitted through a 
single fiber, and is fanned out and demultiplexed at the other side by wavelength- 
selective photodetectors whose spectral photoresponse have matching wavelengths. 

2.1. Wavelength Division Multiplexing using Wavelength-Graded VCSEL Arrays 

To implement WDM at a local interconnect level requires a simple means for 
achieving multiple wavelength VCSEL arrays with a wide wavelength grading range in a 
controllable and reproducible manner, while achieving more uniform device 
characteristics within each array. One method for accomplishing these objectives is by 
locally controlling (scaling) the organometallic vapor phase epitaxial (OMVPE) growth 
rate of the VCSEL epilayers on a topographically patterned growth surface.12 By 
perturbing the flow and concentration gradients of the reactant species, the growth rate 
can be locally enhanced or reduced,35 resulting in a resonance structure whose layer 
thickness and resonance wavelength are scalable. Using this technique, we have 
previously achieved periodic wavelength-graded VCSEL arrays with a wavelength span 
of ~30nm and -40 nm, respectively, using proton implant isolation4 and selective wet 
oxidation5 for current confinement, and demonstrated the repeatability of the wavelength 
grading range from array to array. 

While most approaches for wavelength grading are based on varying the cavity 
length,   our approach has been aimed at scaling the thicknesses of all the epilayers, 



including the cavity length and both distributed-Bragg-reflector (DBRs) mirrors. By 
scalinq the OMVPE growth rate of all the epilayers in a non-mater.al-selective manner, 
the resonance wavelength can be controllably varied to achieve reduced (mirror) loss 
dispersion over the wavelength grading span. Varying the thickness of every layer in 
the entire epitaxial structure allows a spectral shift in the peak reflectance to track the 
change in the position of the lasing mode, thus reducing the wavelength dependence of 
the mirror loss by a factor of 3 over a 30 nm span (13% vs 35%). Combining this with a 
broadened gain spectrum results in more homogeneous lasing characteristics for all 
elements of a multi-wavelength VCSEL array. Since a smaller variation in optical loss 
results in a more uniform threshold gain across the wavelength-grading range, the 
potential exists for realizing arrays with more homogeneous lasing characteristics by 
scaling the growth rate of all the epi-layers in the VCSEL structure. 

By controlling the surface topology, and using both the growth rate enhancement 
and reduction regimes, the emission spectra of a VCSEL array can be vaned over a 
wide wavelength range. The growth rate, and thus the resonance wavelength of the 
VCSEL depend on the aspect ratio of the surface features and on the spatial duty 
factor (SDF) which is defined as the ratio of the width of the ridge (+ sign) or the valley 
(- siqn) to the spatial period p of the topological variations. The direct relationship 
between the resonance wavelength and these factors allows arrays with different 
wavelength spans to be designed. 

Schematic representation of the modified flow of reactant species 
on a patterned substrate 

Reduced growth rate wthln channels In a patterned substrate 
due to decreased local reactant concentrations 

chirping the thickness of all the layers in the entire structure 

Enhanced growth rate on ridges in a patterned substrate 
due to increased local reactant concentrations 

Growth Rate Enhancement and Reduction Regions 
on a Topographically-Patterned Substrate 

growth rate 
enhancement 
region (rtdge6) 

Figure 2 Modification of laminar flow on a topographically patterned substrate containing 
ridges and channels with a variable width, w, but a constant pitch, p, demonstrating the 
local enhancement and reduction of the MOCVD growth rate on ridges and channels, 

respectively. 



2.1.1. Monolithic, Oxide-confined, Multiple-Wavelength VCSEL Arrays with a 57- 
nm Wavelength Grading Range 

When wavelength-selective REPD's are used for wavelength demultiplexing7, a 
30-40 nm wavelength range provides at most 6 to 10 wavelength channels in the 850 
nm and 980 nm wavelength regions, respectively. To increase the number of WDM 
channels, a wider wavelength grading range for cw lasing operation is required, which 
can be achieved by either reducing the optical loss dispersion across this wavelength 
range or by broadening the optical gain spectrum of the quantum wells (QW). We will 
show that the use of a selectively-oxidized upper distributed Bragg reflector (DBR) 
mirror with a flattened reflectance spectrum can reduce the loss dispersion to an a 
lower level (Aam=14% variation in am over an 80 nm wavelength span) when all the 
epilayers are scaled. A more uniform optical loss, plus the higher optical gain that is 
afforded by strained ln02Ga08As/GaAs quantum wells, made it possible to achieve 
room-temperature continuous-wave (cw) lasing of multiple wavelength VCSEL arrays 
with a 57 nm wavelength grading range.6 

The VCSEL epilayer structure, which is described in Ref. 6, consists of a U- 
thick active cavity containing four ln02Ga08As/GaAs quantum wells, which is bounded on 
each side by a single AIGaAs/GaAs quarter-wave DBR pair, followed by a VA-thick 
AIGaAs layer within which a 50 nm-thick oxidizable AI0.98Ga0.02As current confinement 
layer is embedded. This entire structure is bounded below by a p-doped mirror 
consisting of 38.5 GaAs/AIGaAs quarter-wave DBR pairs, and above by the sequence of 
3 GaAs/AIGaAs quarter-wave DBR pairs, an n-doped GaAs intracavity contact layer, 
and 4 selectively oxidized GaAs/AIOx quarter-wave DBR pairs. All the AIGaAs/GaAs 
interfaces in each DBR mirror are linearly composition-graded. 

The selectively-oxidized GaAs/AIOx upper DBR mirror provides a larger index 
difference (An~2) and thus a smaller total thickness and a widened stop-band (800 nm 
to 1600 nm). It also results in a lower and more uniform optical mirror loss am over the 
80-100 nm wavelength grading range compared to a conventional AIGaAs/GaAs upper 
DBR mirror. Moreover, the undoped GaAs/AIGaAs layers produce lower free carrier 
loss aint). The resulting lower total optical loss (am+aint) makes it possible to achieve 
lasing over a wider wavelength range, while a reduced optical loss dispersion (smaller 
variations in <xj leads to more uniform threshold gain and lasing characteristics. Figure 
3 compares the variation of the calculated mirror loss (aj with wavelength over a 80 
nm span for two wavelength-graded VCSEL structures, one (#1) containing two 
AIGaAs/GaAs semiconductor DBR mirrors, the other (#2) containing the same lower 
DBR mirror but a selectively oxidized upper AIOx/GaAs DBR mirror. The thickness (i.e., 
the growth rate) of each layer in both structures is scaled by the same factor, which 
allows a spectral shift in the peak reflectance to track the change in the resonance 
(lasing) wavelength for each VCSEL in an array. The results show both a lower total 
mirror loss and a significant (2.7x) reduction in mirror loss dispersion, with am changing 
by only 14% over a 80 nm wavelength range for the new design (#2), compared to 
38.6% for the conventional VCSEL (#1).  For comparison, the mirror loss dispersion of 
a VCSEL (#3) in which only the thickness of the active layer is graded is also shown, 



which has a nearly ten-fold increase in am over the same 80 nm range. From Fig. 3, it is 
clear that the oxidized mirror provides the lowest loss dispersion, which should lead to a 
wider wavelength grading range. 
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Figure 3. Comparison of the calculated optical mirror loss versus wavelength for three 
wavelength grading schemes for VCSELs. Designs 1 and 2 scale the thickness of all the 
epilayers, the former with two semiconductor DBR mirrors, the latter with an oxidized 
upper DBR .mirror. Design 3 grades only the thickness of the active region. Design 1 
has the lowest optical loss and loss dispersion, and produced the widest wavelength 
grading range. 

Fig. 4 shows the cw lasing wavelength (measured at -1.1 x lth, at room 
temperature) as a function of the spatial duty factor for a linear array of VCSEL's with a 
16 nm aperture. All elements of the array lased under cw operation with a wavelength 
grading span of 57 nm, ranging from 968 nm to 1025 nm. Very importantly, a relatively 
uniform wavelength gradient (i.e., linear grading) has been achieved by carefully 
choosing the appropriate values of spatial duty factor during design of the pattern for the 
growth surface. The normalized cw lasing spectra of a single 18-element VCSEL array 
at room temperature are shown in Fig. 5, with a 57 nm wavelength grading range. The 
spectra are single-mode with a more than 20-dB side mode suppression ratio at bias 
currents up to ~1.3 x lth except at the lower extreme of the grading range. The lasing 
linewidth of each element in the VCSEL array is ~ 0.18 nm. 
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Figure 4. The cw lasing wavelength at room temperature as a function of the spatial duty factor for 
individual elements of a monolithic, oxide-confined, multi-wavelength VCSEL array (16-um active 

i), which have a selectively oxidized upper DBR mirror and a 57-nm wavelength grading range. area 
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Figure 5. The normalized room-temperature, cw lasing spectra of a monolithic, 
wavelength-graded VCSEL array whose elements have a 16-um oxide aperture and 
are biased at 1.1xlth. The single-mode lasing spectra are almost evenly spaced over a 

57 nm wavelength span. 



Fig. 5 shows the electrical and cw lasing characteristics of devices from a single 
multiwavelength VCSEL array at room temperature. The electrical characteristics are only 
weakly dependent on the spatial duty factor, with relatively uniform cw threshold currents (and 
voltages), which range from 4.5 ±1.5 mA (1.8 ±0.2 V). The intracavity n-contact allows the 
current to bypass the upper DBR mirror, resulting in a low series resistance (-45 Q) and good 
voltage-vs-current characteristics, which are only weakly dependent on the spatial duty factor. 
However, the lasing characteristics show that at room temperature, the gain spectrum favors 
the longer wavelength devices (on ridges) over the shorter wavelength devices (in channels), 
with the former having higher peak powers than the latter. This shows that although the 
wavelength dependence of the optical loss has been reduced, the finite width of the optical 
gain spectrum can still produce nonuniform (albeit more uniform) lasing characteristics for 
arrays with a wide wavelength grading range. 
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Figure 6. The light-vs-current (L-l), and voltage-vs-current (V-l) characteristics of VCSEL's from a 
wavelength-graded array under cw operation at room temperature, corresponding to different values of spatial duty 
factor spanning the wavelength grading range. 

2.2. Resonance-Enhanced Wavelength-Selective Photodetector Arrays 

Wavelength-graded VCSEL and REPD arrays can be monolithically integrated on a 
single epilayer structure grown on a patterned substrate to achieve closer wavelength 
matching between neighboring elements of the source and photodetector arrays.6 Although 
the resonance cavity of a multi-quantum well VCSEL structure has excellent wavelength 
selectivity, it functions rather inefficiently as a wavelength-selective resonant photodetector. In 
order to achieve a high resonant absorption efficiency, it is necessary to remove an optimum 
number of DBR pairs from the upper mirror to broaden its photoresponse spectrum, thus 
trading off wavelength selectivity against the absorption efficiency. A wavelength-selective 
REPD can be integrated with a VCSEL on the same wafer.9 The REPD is realized simply by 
removing an optimum number of DBR pairs from the upper mirror in selected areas of the 



VCSEL wafer. Reducing the number of DBR pairs decreases the cavity Q value and increases 
the width of its resonance, allowing REPDs with a high absorption efficiency and a narrow 
spectral response to be achieved. The VCSEL and REPD thus share the same resonance 
cavity and the same lower DBR mirror, but differ in the number of DBR pairs in their respective 
upper mirrors. By sharing a common cavity and being in close proximity, the VCSEL and 
REPD have closely matched resonance wavelengths. 

The signal rejection efficiency of individual REPDs is controlled by the width of its 
spectral response (Fig. 7); a narrow resonance also increases the number of wavelength 
channels that can be multiplexed. The peak absorption efficiency depends on the reflectivity of 
the upper DBR mirror (number of DBR pairs, N), and on the absorption coefficient a{X) of the 
quantum wells, which varies with the resonance wavelength X in a graded REPD array. The 
spectral width (FWHM) and the peak absorption efficiency both vary with N, which are plotted 
in Fig. 8 for a 980 nm VCSEL. The FWHM narrows with increasing N, achieving a peak 
efficiency of TI * 1 at an optimum value of N*. This value is selected by a trade-off between the 
desired wavelength selectivity (the FWHM) and the absorption efficiency r\ of the REPD,9 

which is weighted over different values of a(X) within the wavelength grading range in order to 
achieve optimum performance for the entire array. For 980 nm VCSELs, the peak absorption 
efficiency is achieved for N*=13, with a corresponding spectral FWHM of 2.0 nm. For 850 nm 
VCSELs, due to the differences in absorption, the optimum value of N* is 8 and the spectral 
width is AX«3.5 nm.9 The lower material absorption coefficient of the InGaAs quantum wells 
allows REPDs to be designed with a narrower wavelength selectivity (2.0 nm FWHM, vs 3.5 
nm for GaAs) while retaining a high peak absorption efficiency (> 90%). The narrower 
wavelength selectivity leads to a reduction of the optical crosstalk between channels, thus 
allowing more wavelength channels to be used within a given spectral band. 
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Figure 7. A comparison of the wavelength selectivity of REPD's containing GaAs quantum wells 
and strained InGaAs quantum wells using their calculated absorption efficiency spectra, each 
centered with respect to the lasing spectrum of a wavelength-matched VCSEL. 
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Figure 8 The dependence of the peak absorption efficiency and the spectral width 
(FWHM) of the photoresponse of a REPD on the number of DBR pairs and on the 
reflectivity of the upper mirror. The REPD contains 4 InGaAs quantum wells and was 
designed for operation at 980 nm. 

2.3. Quasi-Planar Monolithic Integration of High-Speed VCSEL and REPD Arrays 

In order to achieve a higher modulation speed, a quasi-planar technology10"12 has been 
developed for the monolithic integration of oxide-confined VCSEL and REPD arrays.  These 
hiqh speed devices are fabricated using an approach in which the oxide current aperture is 
formed by concatenating a number of discrete crescent-shaped oxidation fronts emanating 
from a local pattern of etched trenches (Fig. 9).10 This approach preserves the plananty of he 
wafer while improving the dimensional control for devices with very small oxide apertures (<4 
urn)   Selective oxidation for current confinement presents a problem for the monolithic 
integration of VCSEL and REPD arrays due to the disparate size requirements of the current 
apertures for the VCSEL (<10 jim) and the REPD (>30 pin), which share a common epilayer 
structure   The VCSELs and REPDs are typically isolated mesa structures from whose 
periphery selective lateral oxidation proceeds. For VCSELs the oxidation length is chosen as a 
trade-off between the accuracy of the final oxide aperture and the need for a low contact 
resistance, and is typically 10-20 jim.   As a result of this oxidation length, the concomitan 
lateral oxidation of the larger REPD mesas produces a large parasitic capacitance that 
reduces the bandwidth of the photoresponse.  It is thus desirable to develop a new oxidation 
technique for monolithic integration that can accommodate a range of different oxide apertures 
with arbitrary geometries while improving dimensional control,  preserving plananty, and 
minimizing device parasitics.   This has been achieved using a variant of the etched-trench 
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oxidation technology described in Ref. 11 and Ref. 12,  which resulted in quasi-planar, high- 
speed VCSEL and REPD arrays with oxide dimensions as small as 2 urn. 

In the monolithic integration of dense arrays, the size of the etched mesa (EM) is 
determined not only by the desired electrical and thermal characteristics, but also by the 
requirements of dense array integration. To minimize the power dissipation in dense arrays, 
devices with a small oxide aperture are needed, but due to limits in the accuracy of the 
oxidation rate very small micro-cavities cannot be accurately and reliably achieved without 
reducing the mesa size and oxidation length, which increases the electrical and thermal 
resistances For a given process control accuracy, the percentage error in the dimension of 
the oxide aperture can become unacceptably high when the final dimension is small compared 
to the total oxidation length. The oxidation length (and time) can be reduced without reducing 
mesa size or sacrificing planarity by the introduction of local oxidation centers such as etched 
holes11"12 from which multiple oxidation fronts can proceed to define an enclosed oxide 
aperture (Fig. 11). Arbitrary oxide aperture geometries can be defined using discrete etched 
holes,1112 or alternatively by using linear or crescent-shaped segments of etched trenches (Fig. 
10)10 from which oxide fronts as narrow as 2 u.m can be concatenated to form a single 
continuous aperture (Fig.11). By not removing all of the surrounding semiconductor material, 
planarity is maintained while the thermal resistance is decreased to alleviate thermal roll-over. 

,p-DopedH 
'DBR Mirror' 

Substrate 

Figure 9 The schematic design and epitaxial layout of a quasi-planar technique which uses a local pattern of 
etched trenches to achieve an oxide front with arbitrary geometry with improved dimensional control over the 
oxide aperture. Implantation is also used to isolate the active area in this planar strcuture. 
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Figure 10 Scanning electron microscope (SEM) photo showing the profile of the etched trench 
segments and the local oxidation fronts. 

Figure 11. SEM photographs showing the formation of a continuous oxide front by concatenatring 
the local oxidation fronts (~3 urn wide) emanating from several discrete crescent-shaped 
segments for: (a) a VCSEL with a 2 urn aperture, and (b) an REPD with a 20 urn aperture. 
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Figure 12. SEM photograph showing quasi-planar monolithic arrays of high-speed 
VCSELs and REPDs with closely matching resonance wavelengths. 

This technique has been applied to the quasi-planar integration of monolithic VCSEL 
and REPD arrays.10 Several crescent-shaped segments are etched into a planar wafer (Fig. 
10) to allow selective wet oxidation to locally define the oxidation fronts that delineate the 
active area of the VCSEL or REPD. The number of segments is increased with larger oxide 
aperture size (4 for VCSELs and 8 for REPDs) in order to provide uniform current spreading 
from regions lying outside the circular trenches. After oxidation, the surrounding areas are 
bombarded with a multi-level proton implant for device isolation (Fig. 9). All of the devices 
were designed to have coplanar strip lines in order to evaluate their high speed response. 
Figure 12 shows the monolithic integration of VCSEL and REPD arrays using the etched 
trench (ET) approach. 

An important advantage of the planar ET technique is that since the oxidation length is 
decreased to 2-3 urn, more precise control of the final aperture can be achieved, especially for 
devices with small active areas (<4 u.m). For an etched mesa (EM) device with a 2 |am active 
region and a 10 u,m oxidation length, an uncertainty in the oxidation rate of ± 5% would lead to 
an uncertainty of ± 0.5 u.m (25%) in the active area diameter. For an ET VCSEL with a 
reduced oxidation length of 2 u,m, the uncertainty in the aperture size is only ± 0.1 um (5%), a 
five-fold improvement. 

Figure 13 compares the dc electrical and lasing characteristics of two 10-element 
VCSEL arrays with an active area diameter of 2 ^m, fabricated by the planar and mesa 
approaches using the same wafer,. The characteristics of the two types of devices are similar, 
with the planar devices showing much better uniformity. All devices have low threshold 
voltages (1.45 V to 1.60 V) and low threshold currents («0.9 mA). One notable difference 
between the ET VCSELs and EM VCSELs is that although both have comparable peak optical 
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output powers (0.7 mW for 2 um devices), thermal roll-over occurs at a much higher current for 
the former. 
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Figure 13. A comparison of the room-temperature electrical and cw lasing characteristics of of 
monolithic VCSEL arrays with oxide apertures of 2 urn, fabricated by using the quasi-planar 
approach (left) and the conventional etched mesa approach (right). 
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Figure 14. The photoresponse of a REPD fabricated by the mesa approach (upper trace) and the 
planar approach (lower trace) to a 1 ns wide optical pulse from a quasi-planar VCSEL (lower 
trace) with a matching wavelength, showing a rise time of ~ 65 ps. 

The high speed modulation characteristics of the planar and etched mesa 
VCSELs are compared in Fig. 14 and Fig. 15. The large-signal photoresponse 
of REPDs with a 30 u/n optical aperture in response to the optical modulation 
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from a 6 |im VCSEL source (Fig. 14) shows a 10-90% rise time of -65 ps for 
both devices Figure 14 compares the small-signal modulation bandwidth of the 
planar and etched-mesa VCSELs (-6 ^m aperture) as a function of normalized 
bias current. At low bias current levels the f3dB frequencies are identical, but as 
the bias current increases the EM devices show a slightly higher speed, with a 
maximum frequency of 13.5 GHz vs 11.8 GHz. 
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Figure 15. Comparison of f3dB (-3dB frequency of |S21|) for two VCSELs with a 6 urn oxide 
aperture fabricated by the quasi-planar approach and the etched mesa approach respectively 
as a function of the square root of the normalized dc bias current above threshold. Inset: |S21| 
curve of an etched trench VCSEL at I = 9*lth. 

2.4. Optical Crosstalk in a WDM Link 

The wavelength selectivity of an REPD, or the optical crosstalk between adjacent WDM 
channels depends on the spectral width of its photoresponse. A narrower width results in 
greater wavelength selectivity and lower optical crosstalk between channels, allowing more 
closely spaced wavelength channels to be used within a given spectral band. The use of GaAs 
QWs in the earlier WDM link13 led to a non-optimum trade-off between the absorption 
efficiency of the REPD and its wavelength discrimination ability (~4 nm), resulting in significant 
variations in the responsivity across the wavelength grading range. The use of strained 
InGaAs QWs produces better optimized REPD arrays with an improved wavelength selectivity 
(-2 nm) higher absorption efficiency (>90%), and a more uniform responsivity. For two 
neighboring WDM channels with a fixed 4 nm wavelength spacing, the 980 nm REPD has a 
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higher optical discrimination ratio (16.5:1) than the 850 nm REPD (3.8:1), see Fig. 1& As 
shown in fig. 7, the measured photoresponse spectra of a 850 nm REPD and a 980 nm REPD 
show a FWHM of 4 nm and 2 nm, respectivity. 
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Fiqure 16 The lasing spectra of two wavelength-multiplexed VCSEL channels with a 3.9 nm 
wavelength separation (upper trace), and the photoresponse spectra of two REPDs with matched 
resonance wavelengths (lower trace). The inset shows SEM photomicrographs of a quasi-planar 
VCSEL (above) and a REPD (below) fabricated using the etched-trench approach for oxide 

confinement. 

The VCSEL's and REPD's used in the WDM experiments are quasi-planar, oxide- 
confined devices. The VCSELs have a 6 nm active area and a small-signal modulation 
bandwidth of >10 GHz , while the REPD's large-signal photoresponse has a rise time of 65 ps. 
The optical crosstalk between different wavelength channels, or equivalents the channel 
selectivity has been characterized under large signal modulation conditions. The upper trace 
in Fig lö'shows the cw lasing spectra of two VCSELs from a monolithic array whose center 
wavelengths (917.9 nm and 921.8 nm) are separated by 3.9 nm, while the lower trace shows 
the photoresponse spectra of two wavelength-matched REPD's from a neighboring array with 
matching wavelengths. The modulated optical outputs of the VCSELs are multiplexed together 
by a fiber coupler, and then transmitted to the REPDs through an optical fiber. The dc 
response of each REPD shows an asymmetric photocurrent spectrum with a FWHM of 2.5 
nm, and he dc optical crosstalk from neighboring channels is -12.2 dB for the 917.9 nm 
REPD, and is -8.4 dB for the 921.8 nm REPD. 
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Figure 17. Demultiplexed signals (upper traces) from two wavelength-matched REPDs in 
response to the optical input signal from two wavelength-multiplexed, high-speed data channels 
with a wavelength separation of AX ~ 3.9 nm. Each channel is modulated by one of the two non- 
overlapping, 500 Mb/s RZ, 1 ns pulse patterns shown in the lower trace. Inset shows the 1.25 
Gb/s eye diagram measured by a REPD-based optical receiver in response to illumination by a 
multiplexed optical signal at a BER of < 10"11. 

2.5. High-Speed Wavelength Division Multiplexing and Demultiplexing using Monolithic 
VCSEL and REPD Arrays 

The optical crosstalk was also measured under large-signal data modulation conditions 
The VCSELs were biased at lightly below threshold and were separately modulated using two 
temporally non-overlapping 500 Mb/s RZ (return-to-zero) data patterns consisting of 1 ns wide 
pulses (which is equivalent to a 1 Gb/s NRZ data stream). Their optical outputs were 
combined (wavelength multiplexed) and transmitted through a single optical fiber, and the 
response of each REPD to the multiplexed optical data stream is individually measured to 
demonstrate demultiplexing using a wavelength-selective photodetector. The lower time trace 
in Fig. 17 shows the two temporally-displaced and non-overlapping modulation signals of the 
VCSELs, while the two upper traces show the demultiplexed photoresponse of the two 
REPD's. The weaker pulses in each trace represent the photoresponse of each REPD to the 
optical data at the nonresonant wavelength, i.e., the optical crosstalk level, which is -10.4 dB 
for the 917.9 nm REPD, and is -8.2 dB for 921.8 nm REPD. The inset of figure 17 shows a 
1.25 Gb/s eye-diagram for the demultiplexed signal of the matched wavelength channel 
obtained under conditions for achieving a bit error rate (BER) of <10"11. High-speed 
wavelength demultiplexing has thus been achieved by this simple WDM link at a data rate of 
1.25 Gb/s, which is limited by the speed of the receiver (including the REPD). 
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2.6. A 1 Gb/s WDM Optical Link Demonstration 

In the experimental WDM setup, these VCSELs are independently modulated by two 
pseudorandom data pattern generators synchronized by a common clock module. The optical 
output of each VCSEL is butt-coupled to a lensed single-mode fiber (SMF), multiplexed using 
a 2 x1 fiber coupler and transmitted through a 1 km-long SMF. At the receiver end the 
multiplexed signal is fanned-out and distributed to each receiver via a 1x2 coupler (with a 3 dB 
optical fan-out loss), where each channel is selected by an REPD with the appropriate 
wavelength. 
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Figure 18. BER versus received optical power at 1Gb/s with respect to 1 meter fiber length and 1 
km fiber length. The inset shows the eye diagram after 1 km transmission, with a BER at 1012. 
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Figure 19. BER versus received optical power at 1 Gb/s for: (a) single matched-channel operation, 
and (b) demultiplexing the optical data from two multiplexed WDM channels 4 nm apart. 
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Figure 18 shows the BER performance of a single-channel VCSEL/REPD link 
with matching wavelengths at 1 Gb/s, with a link span of 1m and 1km, respectively. For 
the shorter link, the REPD-based receiver achieved a BER of 10"12 at an average optical 
power of-16.7 dBm. The receiver sensitivity was degraded in part by the responsivity 
of the REPD and the finite extinction ratio of the VCSEL. Taking all sources of noise 
current into account at the input, the calculated receiver sensitivity is -17.0 dBm at 1 
Gb/s, which is close to the experiment result of -16.7 dBm. The BER performance for 
the longer (1 km) link shows a similar shape as the shorter (1m) link, except for a 0.5 
dB power penalty. The inset of Fig. 18 shows the eye-diagram at BER=10"12 (r\(P)=- 
16.9 dBm). 

The power penalty due to the optical crosstalk from each neighboring 
wavelength channel (±4 nm away) has been determined by comparing the bit error rate 
(BER) in the absence and the presence of the second channel (Fig.19). Due to optical 
crosstalk, the received signal power level in the matched channel must be raised in 
order to achieve the same BER and signal-to-noise level (S/N). For a REPD with a 
signal rejection ratio of 10 dB for the neighboring channel, the crosstalk produces a 
"noise" current equal to 10% of the signal photocurrent. The calculated signal level 
needed to achieve a 109 BER is -17.0 dBm, compared to -16.9 dBm measured. The 
calculated power penalty for interchannel optical crosstalk is 1 dB for BER=109 and 1.5 
dB for BER=10"11. Since the crosstalk level is fixed, the power penalty increases with 
decreasing BER (i.e., increasing S/N ratio). The optical crosstalk level rolls off rapidly 
with wavelength separation, the contributions to crosstalk from the wavelength 
channels that are further away (AX > +8 nm for the next nearest channels) are 
negligible. 

An important issue that must be addressed in the use of wavelength-selective 
REPDs for DEMUX operations in a WDM link is the effect of wavelength mismatch 
between the VCSEL and REPD spectra on the latter's photoresponse. Mismatch may 
result from either fabrication tolerances and growth variations, or from the thermally- 
induced wavelength de-tuning caused by ambient temperature variations. The effect of 
wavelength de-tuning on the BER performance of a matched link needs to be 
quantitatively studied. For a four-channel WDM link, there is also a 6 dB optical fan-out 
loss plus a 2.0 dB crosstalk power penalty, whose effect could be comparable to that of 
wavelength detuning. Either the fanout loss or the detuning penalty can consume most 
of the system's power margin and limit the link span, and therefore cannot co-exist. 
Either dispersive wavelength demultiplexing or temperature compensation (or 
wavelength adjustment) would be required. 

2.7. Conclusions 

In conclusion, we have described a monolithic technology for realizing multi- 
wavelength arrays of VCSELs and REPDs with matching wavelengths over a span of 
yp to 57 nm. We have also described a quasi-planar technique for integrating high- 
speed, oxide-confined VCSEL and REPD arrays with an arbitrary oxide geometry by 
etching a pattern of  local oxdiation centers into the planar epilayer substrate.    We 
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have also demonstrated a 1 Gb/s-per-channel optical WDM link in which the outputs of 
a monolithic multiple-wavelength VCSEL array are multiplexed into a single fiber, 
transmitted through a 1 km SMF, and then demultiplexed by using wavelength-matched 
REPD-based receivers. The modulation speed can be improved by using a faster 
receiver and optimizing the REPD's photoresponse. 
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